Most rapid synaptic inhibition in the vertebrate forebrain is mediated by GABA acting via GABA, and GABA, postsynaptic receptors.
GABAergic neurotransmission exhibits frequency-dependent modulation; sequential inhibitory postsynaptic currents (IPSCs) evoked with interstimulus intervals between 25 msec and 4 set routinely result in the attenuation of the amplitude of the second IPSC. This form of synaptic plasticity is known as paired pulse depression (PPD). The mechanism of PPD is presently unknown and the experiments performed in this study were designed to determine directly the location of the mechanism of PPD in hippocampal neurons maintained in low-density tissue culture. Evoked IPSCs were recorded between pairs of cultured neurons grown in relative isolation that were simultaneously being recorded with the whole-cell, patch-clamp technique.
It was therefore possible to measure miniature IPSCs (mlPSCs) originating from the same synapses that were being stimulated to evoke release. PPD occurred routinely in this system, but the amplitudes of mlPSCs following IPSCs were unchanged.
These results indicate that a presynaptic mechanism mediates PPD. The inability of GABA, receptor antagonists to block PPD revealed that this form of presynaptic plasticity was not due to autoinhibition of transmitter release via activation of presynaptic GABA, receptors. However, manipulations that significantly lowered the probability of release of neurotransmitter during the first action potential of a trial (e.g., lower calcium or baclofen) prevented the development of PPD. These results indicate that, under baseline conditions, the quanta1 content for IPSCs is relatively large for a single action potential, but the quanta1 content rapidly decreases, such that subsequent action potentials consistently result in much smaller IPSCs for periods as long as 4 sec.
[Key words: IPSC, miniature IPSC, paired pulse depression, tissue culture, patch clamp, GABA] Under physiological conditions, synaptic inhibition in the mammalian CNS is very labile and a downregulation of inhibitory neurotransmission appears to be critical for the development of some forms of synaptic plasticity, such as that occurring during long-term potentiation. In addition, and perhaps even more significantly, activity-dependent disinhibition is also associated with the generation and spread of epileptic seizure activity (Dichter and Ayala, 1987) . Therefore, an understanding of the basic principles of inhibitory plasticity is vital to the understanding of both physiological and pathological synaptic plasticity in the CNS.
Paired pulse depression (PPD) of GABAergic inhibitory postsynaptic currents (IPSCs) is a robust example of synaptic plasticity in the mammalian CNS; depression of the amplitude of a second IPSC can be seen for up to 4 set following a single stimulus (Deisz and Prince, 1989; Davies et al., 1990; Yoon and Rothman, 199 1; Mott et al., 1993) . The mechanism underlying such PPD at inhibitory synapses in the CNS is currently unknown, although several presynaptic and postsynaptic mechanisms have been hypothesized to play a role in a similar form of disinhibition that occurs as a result of trains of presynaptic stimulation. Postsynaptic mechanisms that could explain the decrease in inhibition following rapid repetitive stimulation, and, by analogy, the decrease seen in PPD, include (1) a decrease in the driving force due to intracellular accumulation of Cll and extracellular accumulation of K+ (McCarren and Alger, 1985; Thompson and Gahwiler, 1989a,b) , (2) a desensitization of the GABA, receptor (Ben-Ari et al., 1979; Alger, 1991) and (3) modulation of the conductance of the GABA, receptor due to the co-release of various neuroactive modulators such as somatostatin, a peptide that has been shown to decrease the postsynaptic response to evoked release of GABA (Delfs and Dichter, 1983; Scharfman and Schwartzkroin, 1989) .
There are at least two presynaptic mechanisms that could mediate the decrease in current amplitude seen during PPD. The first hypothesis suggests that the decreased amplitude of the second IPSC occurs due to a transient decrease in the quanta1 content (m) of released neurotransmitter (Korn et al., 1984) . This decrease in m could be due to a wide variety of mechanisms, such as a lack of available neurotransmitter vesicles that are biochemically prepared to be secreted (Greengard et al., 1993) , or a decrease in the number of "empty" active zones to which vesicles can fuse and subsequently secrete neurotransmitters into the synaptic cleft, or a decrease in the probability of release for available vesicles of neurotransmitter. Presently, the most widely accepted hypothesis for the decreased ampli-and Dichter -Paired Pulse Depressi on tude of IPSCs following both repetitive and paired stimulation is a presynaptic mechanism that is the result of autoinhibition of GABA release due to the activation of presynaptic GABA, receptors (Deisz and Prince, 1989; Davies et al., 1990 Davies et al., , 1991 Otis and Mody, 1992; Mott et al., 1993) . The autoinhibition of subsequent GABA release would then occur as a result of one of two possible mechanisms through which GABA, receptors are thought to work: (1) GABA, activation would decrease calcium currents at the terminal and therefore decrease the amount of neurotransmitter released via CaZ+ -dependent neurotransmitter release (Dolphin and Scott, 1987; Scholz and Miller, 199 1) , or (2) GABA, activation would cause a G-protein-linked increase in a potassium conductance that would hyperpolarize the terminal (Gahwiler and Brown, 1985; Bormann, 1988) .
The goal of the work described here has been to perform experiments that directly determine the location of the mechanism underlying simple frequency-dependent decreases in inhibitory neurotransmission. In order to determine if the mechanism underlying PPD is located at a presynaptic or postsynaptic location, the whole-cell, patch-clamp technique was used to evoke monosynaptic IPSCs between isolated pairs of hippocampal neurons in very low-density cultures. Very few preparations of the mammalian CNS allow for the routine electrophysiological recording between monosynaptically connected pairs of neurons in the absence of polysynaptic circuits. However, in the low-density cultures, it is possible to patch clamp both the presynaptic and postsynaptic neuron of a pair and therefore have direct control over the firing patterns of the presynaptic cell, as well as the holding potential ofthe postsynaptic cell. In addition, because only two cells are involved in the circuit, it is possible to monitor the miniature IPSCs (mIPSCs) that spontaneously occur in an action potential independent manner at a majority of the same synaptic terminals that produce the evoked IPSCs. Analysis of the mIPSCs thus provide a direct measure of q, the quanta1 amplitude (de1 Castillo and Katz, 1954; Van Der Kloot, 199 1; Malgaroli and Tsien, 1992; Manabe et al., 1992; Otis and Mody, 1992) . This experimental paradigm greatly facilitates the analysis of various forms of frequency-dependent synaptic plasticity, and provides a mechanism through which direct tests of presynaptic and postsynaptic contributions to changes in synaptic efficacy can be monitored (Redman, 1990; Kom and Faber, 199 1) .
In the experiments described here, monosynaptically evoked IPSCs between pairs of hippocampal neurons in low-density cultures were characterized, and found to be mediated exclusively by the activation of postsynaptic GABA, receptors. The amplitudes of the IPSCs were quite sensitive to the frequency with which the presynaptic cell fired action potentials. Robust PPD was found to occur routinely between monosynaptically connected neurons in our model system. However, the amplitudes of mIPSCs immediately following evoked IPSCs were unchanged, directly indicating a presynaptic location of the mechanism responsible for PPD (de1 Castillo and Katz, 1954; Van Der Kloot, 199 1; Malgaroli and Tsien, 1992; Manabe et al., 1992; Otis and Mody, 1992) . Moreover, the inability of GABA, receptor antagonists to block PPD demonstrated that this form of presynaptic plasticity was not due to autoinhibition of transmitter release via activation of presynaptic GABA, receptors, as has been suggested (Deisz and Prince, 1989; Thompson and Gahwiler, 1989~; Davies et al., 1990; Otis and Mody, 1992; Mott et al., 1993) . Additional experiments demonstrated that it was possible to prevent PPD in this simple model system by recording in conditions that decreased the probability of release of neurotransmitter during the first action potential.
Materials and Methods
Tissue culture. Primary dissociated cultures were prepared from embryonic rat hippocampi as previously described, although some modifications of the method were incorporated (Buchhalter and Dichter, 1991) . Pregnant Sprague-Dawley rats were narcotized with CO, and killed by cervical dislocation. The embryos, gestational day 1 S-20, were removed, the brains rapidly extracted and hippocampi dissected under microscopic visualization. The hippocampi were incubated for 40 min in a 10% Dulbecco's Minimum Essential Medium (DMEM) solution containing 0.027% trypsin at 37°C. The hippocampi were then thoroughly washed in HEPES-buffered saline (HBS) and placed in a medium containing DMEM, supplemented with 10% Hyclone calf serum, 10%
Ham's F12 containing glutamine, and 50 U/ml penicillin-streptomycin (Sigma). The cells were triturated with a Pasteur pipette, and plated onto poly+lysine (Peninsula Labs)-coated glass coverslips in 35 mm petri dishes at concentrations ranging from 35,000 to 150.000 viable --neurons per milliliter. Some cultures were plated directly onto poly-Llysinexoated plastic petri dishes (35 mm). The cultures were maintained in a humidified incubator at 37°C with 7% CO,. After l-5 d, the medium was partially replaced with one containing a high external potassium concentration (20 mM) to enhance survival and the petri dishes were placed in a closed, humidified container in the incubator to prevent evaporation. Cultures were fed once a week with one or two drops of the high [K+] ,, medium (Mattson and Kater, 1989) . In some cases, neurons were plated on a confluent layer of embryonic glia obtained from rat cerebral cortex. In these cases, the medium was not replaced with one containing high [K+] , and the culture was fed three times a week by replacing 0.5 ml of medium with fresh medium. There were no detectable differences in the low-density cultures of neurons grown under this condition.
Electrophysiological recordings. Membrane currents were recorded at room temperature using the whole-cell variant of the patch-clamp technique from neurons maintained in culture for 14-30 d (Hamill et al., 198 1) . Isolated pairs of neurons were visualized using phase-contrast microscopy with a Nikon inverted microscope. Low-impedance electrodes (2-6 MB) were fashioned from borosilicate glass capillaries (Kimax). Cell-attached GO seals were obtained on both neurons ofa selected pair, prior to applying gentle suction to break the membrane to attain the whole-cell mode. The presynaptic neuron was monitored in the current-clamp mode, and recorded with a DAGAN 3900 amplifier. The postsynaptic neuron was recorded in the voltage-clamp mode with a DAGAN 8900 amplifier equipped with a reference electrode. Leak resistance of the postsynaptic neuron was periodically checked during the course of the experiments and ranged from -300 MQ to 1 .O GQ. Electrode offset potentials were compensated prior to recording with amplifier circuitry. The bath was perfused continuously at a rate of approximately 1 ml/min. Data were stored on videotape and later digitized at 2-10 kHz and analyzed with either a PDP 1 l/73 computer system or PCLAMP software (Axon Instruments).
Recording solutions. The bath solution, an HBS solution, contained (in mM) NaCl, 140; KCl, 3; HEPES-NaOH buffer, 10; glucose, 10; and CaCI, 4. In some experiments glycine (10 PM) was included so that nonrelated experiments with excitatory postsynaptic currents (EPSCs) could be performed. Some preliminary experiments were performed with [Ca++] =2 mM and [Mg2+] = 1 mM, and PPD was unaffected.
Internal pipette recording solutions contained (in mM) potassium gluconate (K-gluconate) (120) and KC1 (lo), or in some exueriments KC1 (140) in the postsynaptic 'neuron, HEPES (lo), EGTA -( l), CaCl, (l), ATP-M@+ (2.5). and alucose (10). The use of KC1 electrodes in the postsynaptic cellincreased the amplitudes of the mIPSCs at -70 mV. The pH of both solutions was maintained at 7.3-7.4, and osmolarities for the external solution ranged from 295 to 305 mOsm and from 285 to 295 mOsm for the internal solutions. In experiments where the concentration of calcium was changed, the divalent cation concentration was maintained at a constant level by adjusting the concentration of Mg2+ accordingly. Drugs were perfused into the bath with a peristaltic pump. Receptor antagonists and agonists used in this study included bicuculline methiodide (10 PM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 PM), and 2-amino-5-phosphonovalerate (APV) (100 PM) (all from Sigma); 2-OH-saclofen ( 100 PM), phaclofen ( 100 ,uM), and (+)-baclofen (2 PM and 10 FM) (all from Research Biochemicals Inc.); and CGP-35348 (a gift from CIBA GEIGY). Figure 1 . Pairs of cultured embryonic hippocampal neurons are frequently found in isolation in the low-density culture preparation. A, The neurons in this figure were simultaneously patch clamped (note presence of patch electrodes) for recording both evoked and miniature receptoractivated currents in a simple model of CNS neurons. B, Latency, rise time, peak amplitude, and the decay time to half-amplitude were measured for monosynaptically evoked PSCs between pairs of neurons. Currents were filtered at 10 kHz, and sampled at 100 rsec/pt. An inhibitory postsynaptic current (IPSC) recorded using potassium gluconate as the predominant electrode constituent was recorded in response to a single presynaptic action potential. Currents are inward at a holding potential of -70 mV. Latency was measured as the time from the second peak of the stimulus artifact (end of the action potential) to the point at which the IPSC began to fall from the baseline. Rise time was measured as the time from the point at which the IPSC began to deviate from the baseline to the peak amplitude. The decay time to one-half amplitude (T 112) was measured as the point at which the IPSC departed from the baseline until the IPSC returned to one-half the maximum amplitude. This measure was chosen to define the duration of the PSCs as a double exponential was required to fit to the decay of the IPSC. Current-voltage relationships of the IPSCs in the presence of either 140 mM KC1 (C) or 120 mM potassium gluconate (0) in the recording electrode. Reliable reversal potentials were somewhat difficult to achieve in the presence of KC1 (140 mM). At depolarized potentials, IPSCs were sometimes observed to elicit action currents in the postsynaptic membrane and, furthermore, the opening of voltage-sensitive ion channels would contribute to total charge transfer during the IPSC. Each point represents the mean + SD for at least five IPSCs at a given potential. The reversal potential was near + 10 mV in C and -50 mV in D.
Analysis. Postsynaptic currents (PSCs) were considered monosynaptic tentials by both the presynaptic neuron and any neurons involved in when they followed a presynaptic action potential with a relatively short the circuit. EPSCs and IPSCs were distinguished on the basis of reversal and constant latency and did not show any evidence of failures following potential. With potassium gluconate electrodes, the reversal potential an action potential. The divalent cation concentration was usually mainfor the IPSCs was approximately -50 mV, whereas the reversal potentained relatively high (4.0 mM) to reduce the excitability of the memtial for the EPSCs remained near + 10 mV. brane, and therefore reduce the probability of spontaneous action poData were analyzed using semiautomated software that measured the The number of IPSCs evaluated for each cell is listed in parentheses next to the cell number. Measurements for each parameter (means f SD) were made as described in the Results. Values described in the bottom row (means i SD) were calculated based on the overall mean values for each individual cell, and therefore n = 5 for this row.
latencies, rise times, amplitudes, and decay time to half-amplitude. The coefficient ofvariance (CV) was determined by CV = standard deviation of the mean amplitude/mean amplitude.
Amplitudes for miniature currents were plotted on relative cumulative frequency histograms. This plots the cumulative frequency of all currents as a function of amplitude. Several populations of minis can then be simultaneously plotted on the same graph. The nonparafietric test statistic, Kolmogorov-Smimov, is then applied to various populations of minis to determine differences. Only values of p < 0.05 were considered significant in this study (Van der Loot, 199 1).
Results

Monosynaptically
connected pairs of neurons were routinely recorded in the low-density culture system (Fig. 1A) . The presynaptic cells, in most cases, were recorded in the whole-cell, current-clamp mode, so that action potentials could be reliably elicited and monitored.
The postsynaptic cells were voltage clamped at -70 mV or -80 mV and evoked PSCs were monitored. Occasionally, pairs of neurons had reciprocal synapses, although reciprocality was not looked for routinely. For most experiments, it was not necessary to include receptor antagonists in the bath to isolate EPSCs from IPSCs, as the internal solution used in the recording allowed for a distinction between the two types of currents based on the reversal potential. When potassium gluconate was used as the primary constituent of the intracellular solution, the IPSCs reversed near -50 mV, whereas the EPSCs reversed near + 10 mV.
In total, 89 pairs of monosynaptically connected neurons were successfully recorded. Of those pairs, 65 were inhibitory pairs and 24 were excitatory pairs. Table 1 summarizes the basic properties of the IPSCs for five representative neurons recorded with potassium gluconate as the major intracellular constituent. Measurements of latency, rise time, the peak amplitude, and the decay time to half-amplitude were made for at least 14 PSCs for each cell examined in detail. Figure 1B illustrates the way in which each measurement was made.
Properties of IPSCs
Presynaptic stimulation of action potentials resulted in postsynaptic, inward currents that occurred with a rapid and constant latency. For five cells examined in detail (see Table 1 ), the mean latency of the evoked response was 1.7 * 0.3 msec. The rise time from the baseline to the peak of the current was rapid, with a mean of 2.9 -+ 0.6 msec (n = 5 cells). An IPSC was never observed if the presynaptic cell failed to generate an action potential, and due to the high concentration of calcium used in blocked the evoked IPSCs. There was no evidence for a slow, outward GABA,-mediated IPSC in the presence of bicuculline, suggesting that only receptors for GABA, are present at the postsynaptic site. B, Examples of mIPSCs.
The membrane potential was held at -70 mV and a high-chloride internal solution was used to increase the driving force.
The standard bathing media for recording miniature currents contained TTX (1 WM) to block action potentials, 2 mM Mg2+, and CNQX (10 PM) and APV (100 PM) to block excitatory amino acid receptors. Traces were filtered at 2 kHz. The currents had fast rise times, small amplitudes, and long decays that could be fit with a single exponential. As with evoked IPSCs, bicuculline methiodide (10 PM) completely and reversibly blocks the spontaneous miniature currents.
these experiments (2-4 mM), failures following an action potential were not observed.
With potassium gluconate in the electrode, the reversal potential of these currents was approximately -50 mV. When KC1 was the predominant component of the intracellular solution, the reversal potential remained near + 10 mV ( Fig. 1 C) , which was similar to the reversal potential for EPSCs in this culture system. Therefore, to ensure that all PSCs were inhibitory, the excitatory amino acid receptor antagonists CNQX and APV were included in the bathing media when the intracellular solution was KC1 (140 mM). In general, potassium gluconate was used for these experiments, and the membrane potential of the postsynaptic cell was clamped at either -70 or -80 mV. It was found that the evoked currents were much smaller when recording with potassium gluconate electrodes (Fig. 1D ). This reduced amplitude was due to a decreased driving force at negative holding potentials. For the five cells examined in detail, the amplitudes ranged from -128 to -78 1 pA, with a mean (If-SD) of -428 f 269 (Table 1) . When KC1 was the major constituent of the electrode, the currents for six cells held at -7OmVrangedfrom -550 to -5481 pA, witha mean(+-SEM) B.
Figure 3. The decay time to one-half amplitude was strongly voltage sensitive for IPSCs. A, Plots the mean percentage of control (*SD) for the time to half-amplitude as a function of membrane potential for six neurons (at least five IPSCs at each potential for each cell was measured). Cells that were depolarized by 60 mV, regardless of starting membrane potential, had a significantly longer time to half-amplitude (**, p < 0.05, Student's t test). Furthermore, this increase in decay time occurred regardless of the absolute amplitudes of the IPSCs. B is an example of an IPSC recorded from the same neuron at -90 mV and -30 mV. This cell was recorded in potassium gluconate, so the reversal potential for the IPSC was annroximatelv -50 mV. Note that the t l/2 was much longer for the IPSC recorded at -30 mV, despite the fact that the amplitude of the IPSC Was larger at --9O mV.
of -2398 + 824 pA. The smaller currents recorded with potassium gluconate electrodes minimized errors in voltage due to the series resistance (Llano et al., 199 1) and also reduced the chance that the evoked currents would initiate "active responses" in the neurons (Llano et al., 199 1; Vincent et al., 1992) . In addition, when KC1 was used to record the presynaptic cell, an action potential was often followed by a prolonged afterdepolarization that was not present when potassium gluconate was used.
The specific GABA, receptor antagonist bicuculline methiodide (10 KM) reversibly blocked the evoked currents (Fig. 2) . The sensitivity of the reversal potential to changes in intracellular chloride concentration, and the block observed with bicuculline, indicated that these Cl--dependent currents were mediated by the action potential dependent release of GABA and that the synapses were near the soma, as cable effects on the currents were not readily obvious. Therefore, these GABAergic inhibitory postsynaptic currents will be referred to as IPSCs. Consistent with published reports (Harrison et al., 1988; Harrison, 1990; Yoon and Rothman, 1991) , there was never any evidence for the presence of a slow, outward component of the PSC that could be attributed to concomitant activation of postsynaptic GABA, receptors.
As has been observed in similar preparations (Weiss et al., 1988; Edwards et al., 1990; Ropert et al., 1990; Scanziani et al., 1992; Vautrin et al., 1992) , at hyperpolarized potentials, small spontaneous inward currents persist in the presence of both TTX and antagonists of excitatory amino acid receptors. These miniature currents are completely blocked by bicuculline (Fig. 2B ), suggesting that they are mediated by the action potential independent release of GABA, and accordingly will be referred to as mIPSCs (Wilcox and Dichter, 1991) .
Unlike mIPSCs, the evoked responses observed under these conditions generally required the sum of two exponentials to fit to the decay phase of the currents. This is similar to what was observed by Edwards et al. (1990) for evoked responses in dentate cells of the hippocampal slice preparation, and given the mIPSC data obtained in this system under similar recording conditions (Wilcox and Dichter, 199 l), this finding was somewhat surprising. It was anticipated that the decay phase would correspond to that of the mIPSCs, and be fit quite readily with a single exponential (Ropert et al., 1990) . For measurement purposes, the decay time to half-amplitude of the IPSC for five cells was determined, in an effort to ascertain the duration of the IPSC. As shown in Table 1 , the decay time to half-amplitude had a mean of 16.6 -t 2.3 msec at a holding potential of -70 mV for five cells. Of particular interest with respect to the decay phase of the currents was the fact that as the membrane potential was depolarized, the decay of the current became prolonged. When the membrane potential was depolarized by 60 mV, the decay time to half-amplitude significantly increased (p < 0.00 1) for five cells examined in detail. The mean increase for a 60 mV depolarization, regardless of the initial V,,, was 45% + 13%, and ranged from 31% to 65% (Fig. 3) .
Low-frequency stimulation was required to ensure relatively stable amplitudes of the IPSCs. Stimulation frequencies of >0.25 Hz invariably resulted in decrementing amplitudes of the IPSCs. In general, the stimulation frequencies used in these experiments never exceeded 0.25 Hz. Because such low frequencies of stimulation were necessary, it was difficult to acquire a large number of relatively stationary IPSCs. This was due to at least two factors: first, it was difficult to obtain two long-lasting patchclamp recordings that could maintain the integrity of both recordings, and second, some degree of current "rundown" was observed. Figure 4 is a representative histogram of a distribution of amplitudes of evoked IPSCs recorded with a KC1 electrode. A distribution of mIPSCs from the same recording are included for comparison. Although these miniature currents (minis) were not recorded in the presence of TTX, the presynaptic cell was being monitored and no spontaneous action potentials were observed during the course of the recording. The mode of the distribution (or peak of the Gaussian) for evoked IPSCs for this particular cell was -770 * 7 1 pA, and the mean of the mIPSCs was -25 pA. This suggests that for this pair of neurons, there were approximately 3 1 vesicles of neurotransmitter released that contributed to the amplitude of the IPSC at this concentration of calcium. This type of analysis was performed for a total of The effect of calcium concentration on IPSCs The evoked IPSCs were very sensitive to changes in the extracellular calcium concentration. In control conditions, in 4 mM Ca2+, there were never any failures as long as the presynaptic cell fired an action potential. However, as the calcium concentration was decreased from 4 mM to either 1 mM (n = 6 cells) or 0.5 mM (n = 2 cells), failures in transmission were observed. Furthermore, as the calcium concentration was decreased, the amplitude ofthe IPSC decreased (Fig. 5) . The decreased calcium concentration had no measurable effect on any of the kinetics of the evoked currents. This can be observed by digitally scaling the reduced IPSC during conditions of low calcium and superimposing the trace over IPSCs acquired during control periods (Fig. 5) . This suggests that a presynaptic sensitivity to calcium concentration that results in decreased neurotransmitter being released is responsible for the dramatic decrease in amplitude, and not that the kinetic properties of the postsynaptic channel are being altered by a lower calcium concentration. During these experiments, the divalent cation concentration was maintained at an equivalent concentration by increasing the amount of Mg2+ included in the solution as the calcium concentration was decreased.
The effect of baclofen on IPSCs In some experiments, (?)-baclofen (2 PM or 10 WM; n = 4 and 6 cells, respectively), a GABA, receptor agonist, was added to the perfusion media to determine if GABA, receptors were present on these neurons. Consistent with previous reports, perfusion of baclofen did not directly induce a current in the neuron being recorded, whereas it did significantly and reversibly reduce the amplitude of the evoked IPSCs (Fig. 6) 1988; Harrison, 1990; Scholz and Miller, 199 1) . This action of baclofen has been demonstrated by several groups to be due to a presynaptic reduction in the amount of GABA released, and not due to a postsynaptic effect on GABA, or GABA, receptors (Forsythe and Clements, 1990; Harrison, 1990; Thompson and Gahwiler, 1992) . The presence of these receptors suggests that there is a mechanism through which GABA release can feedback onto the presynaptic terminal to decrease subsequent release; thus these "auto-receptors" may play a role in the regulation of inhibition.
The effect of paired pulse stimulation on IPSCs At its most elementary form, frequency-dependent effects on synaptic inhibition can be seen with just two sequential IPSCs. IPSCs that are evoked with interstimulus intervals (ISIS) for up to 4 set routinely demonstrate a decrease in the amplitude of the second IPSC (Deisz and Prince, 1989; Davies et al., 1990; Yoon and Rothman, 1991; Otis and Mody, 1992; Mott et al., 1993) and this is known as PPD. In addition, in some preparations, tetanic stimulation results in a dramatic decrease in the amplitude of IPSCs for several seconds following a stimulus train (Ben-Ari et al., 1979; McCarren and Alger, 1985; Thompson and Gahwiler, 1989a-c) .
Pairs of action potentials were elicited at various ISIS, and the effect on the IPSCs was determined. To ensure the relative stability of the amplitude of the first IPSC, the frequency with which these pairs of action potentials were evoked was never greater that 0.2 Hz. A significant decrease in the amplitude of the second IPSC was recorded at ISIS ranging from 25 msec to 4 set in greater than 95% of cells recorded (n = 65 pairs) (Fig.  7) .
(Not all cells were tested at all ISIS, but at least 95% of the 30 msec Wash Figure   6 . The amplitudes of the IPSCs are sensitive to presynaptic activation of GABA, receptors. IPSCs measured at a holding potential of -70 mV are inward, and decrease dramatically in the presence of (+)-baclofen (10 FM). This effect is reversible as seen in the bottom truce.
In addition, GABA, receptor antagonists can block the effect of baclofen (see Fig. 10 ). cells demonstrated robust PPD at ISIS within the range mentioned above.) This decrease in amplitude occurred when either KC1 or potassium gluconate was the main constituent in the recording pipette of the postsynaptic cell. The PPD long outlasted the time course of single IPSCs, which was less than 250 msec. In general, the maximal depression observed in the second IPSC occurred with ISIS ranging from 50 to 400 msec. The amount of PPD was determined by dividing the amplitude of the depressed IPSC by the amplitude of the corresponding first IPSC. The mean of the ratios for at least seven trials was then calculated. No change in the amplitudes between the first and second IPSC would result in a ratio near 1.0, whereas ratios below 1 .O would be observed if depression had occurred, while facilitation would result in ratios above 1 .O. The mean ratio for five cells with ISIS of 100 msec was 0.52 ? 0.11 (Table 2) , with a range from 0.42 to 0.7. It was found that the CV of the second IPSC was consistently much greater than that of the first IPSC (Table 2 ). This increase in variance suggests that a presynaptic mechanism underlies PPD (Forsythe and Clements, 1990; Har- A. There was no significant change in either the mean rise time to the peak amplitude or the mean decay time to half-amplitude from the first to second pulse (Table 3 , Fig. 8 ). In three of the cells, a pairwise comparison of the IPSCs for each particular trial revealed a significant decrease in the decay time. However, a pairwise comparison between the means for all cells did not result in an overall significant difference.
Localization of the mechanism underlying PPD The next series of experiments were designed to determine the location of the mechanism underlying PPD. To determine if there was a change in the postsynaptic driving force for chloride following the paired stimuli, a current-voltage curve was constructed for both IPSCs. Amplitudes were measured from the peak of both IPSCs and plotted as a function of voltage (n = 6). As demonstrated in Figure 9 , the reversal potential was not altered from the first to the second current, regardless of the internal solution used for the postsynaptic recording. This indicates that, unlike repetitive stimulation, a change in postsynaptic chloride driving force can not be responsible for PPD at depolarized potentials (Ben-At5 et al., 1979; McCarren and Alger, 1985; Thompson and Gahwiler, 1989a,b) . In order for a Mean + SD 2.7 k 0.6 2.7 f 0.4 17.2 k 4.7 15.6 + 3.0
As in the preceding tables, the number of IPSCs evaluated for each cell is listed in parentheses next to the cell number. Rise time and decay time data were analyzed for the same set of IPSCs as in Table 2 . Values represent the mean f SD. Individual differences in decay time that were significant are marked (*). A pairwise comparison of the overall means for the decay time to one-half amplitude was not significantly different. Figure 9 . IPSCs recorded using the whole-cell patch-clamp technique from pairs of hippocampal neurons in low-density culture exhibit robust PPD lasting for several seconds at all membrane potentials. A, PPD of current traces at various membrane potentials. Note that as the membrane potential is depolarized, the time to half-amplitude of both IPSCs increases. B, Current-voltage plot of the first (0) and the second IPSC (+) in a cell recorded with a potassium gluconate electrode. The reversal potential does not change between pulses, indicating that a change in driving force is not responsible for the decreased current of the second IPSC. Each point represents the mean & SD of at least seven IPSCs at each potential. C, The mean PPD ratio (*SD) of pairs of IPSCs is plotted as a function of membrane potential. The depression was calculated by dividing the peak current of the second IPSC by that of the first for at least seven trials at each potential. The Student's t test was used to compare groups. No significant differences were observed. A-C are from the same recording.
reversal potential change to have been responsible for the dramatic decrease observed for the cell in Figure 9 , a 30 mV hyperpolarization of the reversal potential would have been required, and this was clearly not observed. In addition, it was found that, although the IPSCs were greatly prolonged at depolarized membrane potentials, the amount of PPD was unaffected by postsynaptic membrane potential (Fig. 9 ) (n = 6 pairs). To determine directly if PPD was due to a pre-or postsynaptic mechanism, the amplitudes of spontaneous mIPSCs were measured (Wilcox and Dichter, 1991) during the interval between successively evoked IPSCs (0.1-0.12 Hz) (Fig. lOA) . Unlike brain slice preparations, this culture system made it possible to assay a majority of the same postsynaptic receptors that are activated during evoked release of GABA (Kom and Faber, 199 1; Manabe et al., 1992; Otis and Mody, 1992) . The analysis of miniature currents has been viewed as a direct measure for assessing the location of synaptic plasticity changes (de1 Castillo and Katz, 1954; Redman, 1990; Kom and Faber, 1991; Malgaroli and Tsien, 1992; Manabe et al., 1992; Otis and Mody, 1992) , whereas the method of failures and the ANOVA technique are indirect methods to determine the location of synaptic plasticity that are used when miniature currents are not readily resolved. If PPD was due to a postsynaptic mechanism, the amplitude of the mIPSCs immediately following an IPSC would initially be decreased, and would gradually increase to control values during the latter seconds ofthe ISI. Although these mIPSCs were not recorded in the presence of TTX, the presynaptic neurons were being monitored, and no spontaneous action potentials were observed during the period in which mIPSCs were collected. In addition, the mean amplitudes of the population of mIPSCs were not any larger than those recorded under similar conditions (Wilcox and Dichter, 1991) . No change in the amplitudes of the miniature currents was observed during any part of the post-IPSC period (n = 6 cells) (Fig. 10&C) , despite the fact that PPD lasted for up to 4 sec. In addition, there was no change in the frequency with which these currents occurred following an evoked IPSC. Cumulative histograms of the mIPSC amplitudes at various epochs following the IPSC were unaltered (Fig. 1OC) (Van Der Kloot, 1991; Malgaroli and Tsien, 1992; Manabe et al., 1992; Otis and Mody, 1992) . This measure can be significantly affected by manipulations that alter postsynaptic GABA responses, such as changing the postsynaptic membrane potential to modify the chloride driving force (Fig. IOD) . In Figure lOD , the membrane potential was varied by 30 mV in order to test whether or not it was possible to discern any changes in the amplitudes of the mIPSCs. A difference of 30 mV was chosen because, as stated above, in order for a reversal potential change to have been responsible for the observed decreases, a 30 mV shift in the I-I'curve would have been needed. Therefore, Figure 1OD demonstrates that it would be possible to resolve either an increase or a decrease in mIPSC amplitude. None of the cells tested in this way demonstrated a significant change in the observed mIPSC amplitude following the evoked IPSCs; therefore, it was concluded that PPD between these neurons was due to a presynaptic mechanism.
Role of presynaptic GABA, receptors in PPD To determine if autoinhibition via activation of presynaptic GABA, receptors was responsible for the decrease in the amplitude of the second evoked current, the GABA, receptor antagonist CGP-35348 (100 PM) was perfused into the bathing solution (n = 5 cells) while trains of paired IPSCs were recorded (Bittiger et al., 1990; Olpe et al., 1990; Davies et al., 199 1; Mott et al., 1993) (Fig. 11) . No effect on either the amplitude of the IPSCs or the degree of PPD was observed. This concentration perfused into thebath, the amplitude of the first'IpSC is greatly reduced and PPD is eliminated. However, CGP-35348 (100 FM) completely reverses the block when coperfused with baclofen. B plots the mean amplitude (*SD) of IPSC 1 and IPSC 2 for each condition for the same cell that is in A. Each bar represents a series of currents greater than eight trials each. C plots the mean PPD ratio (*SD) for each condition for the same cell. Note that there is no significant effect of CGP-35348 alone on PPD, yet it does reverse the effects of baclofen. (**, p < 0.05, Student's t test).
of CGP-35348 completely reversed the actions of 10 PM (?)-baclofen (n = 3 cells), indicating that this compound does indeed act at the presynaptic GABA, receptor in these cells (Fig. 11) . Two other antagonists of the GABA, receptor were tested to determine if PPD could be modulated: 2-OH-saclofen and phaclofen (Deisz and Prince, 1989; Davies et al., 1990; Harrison et al., 1990; Yoon and Rothman, 1991; Mott et al., 1993) . Although saclofen significantly decreased the amplitudes ofboth evoked currents during a trial (p < 0.00 1, Student's t test), there was no effect on the degree of PPD (Fig. 12) . Phaclofen, a less specific GABA, receptor antagonist (Davies et al., 1990; Yoon and Rothman, 199 l) , was perfused into the bath (n = 5 cells) and was also ineffective in blocking the PPD (Fig. 12) . Thus, there is no evidence to suggest that PPD was due to activation of presynaptic GABA, receptors, since three antagonists (at concentrations sufficient to block the action of baclofen) for the receptor neither attenuated nor blocked PPD.
Altering the probability of release efects PPD It has been demonstrated at excitatory synapses that the probability of release of neurotransmitter under baseline conditions significantly influences synaptic responses to repetitive activation (e.g., synapses with high probabilities of release tend to decrement and those with low probabilities of release tend to facilitate with repetitive activation (Korn and Faber, 1987; Zucker, 1988) . Accordingly, we would predict that by reducing the overall probability of release of GABA in our system, we could reduce or eliminate PPD (Thies, 1965) . Therefore, the effect on PPD of changing the concentration of calcium was tested. When the extracellular divalent cation concentration was altered from 4.0 mM Ca2+ and 0 mM Mg2+ to 1 .O mM Ca*+ and 3.0 mM Mg2+ (n = 5 cells), PPD was significantly reduced (p < 0.00 1) (Fig. 13) as was the amplitude ofboth IPSCs. In addition, the SD of the PPD in the presence of low calcium became larger, as expected following a presynaptic manipulation of the release process. As the amplitude ofthe first IPSC decreased, facilitation of the synapse often occurred. If there was a failure for either of the IPSCs, then that particular trial was not counted. Figure  13C demonstrates the relationship between the amplitude of the first IPSC and the degree to which the second IPSC is either depressed or facilitated under conditions of low calcium. As Figure 13 demonstrates, facilitation occurred most readily when the first IPSC was quite reduced. This suggests that a variety of synaptic mechanisms interact to determine the amplitude of IPSCs following various patterns of presynaptic activity.
Similarly, when the presynaptic GABA, agonist (+-)-baclofen (2 PM or 10 PM) was perfused into the bathing media (n = 4 and 6 cells, respectively), the amplitudes of both currents were again greatly reduced and PPD was again significantly diminished, as has been reported for the brain slice (Davies et al., 1990) (Fig. 14; see also Fig. 6 ). As was observed for the calcium experiments described above, there was a strong relationship between the amplitude of the first IPSC and the degree to which the neuron demonstrated depression or facilitation (Fig. 14) .
Discussion
Whole-cell, patch-clamp recordings of isolated pairs of neurons in the low-density tissue culture preparation have demonstrated that it is possible to record IPSCs that are monosynaptically evoked. This technique is a powerful way to examine the fine properties of central synaptic transmission, as it is possible to monitor directly both the pre-and postsynaptic neurons simultaneously. In addition, the whole-cell, patch-clamp technique also provides the resolution required to monitor miniature PSCs that occur spontaneously and independently of presynaptic action potentials and that provide a direct measure of q, the quanta1 amplitude.
A limitation was also noted for this experimental paradigm. The rundown of the evoked currents, coupled with the necessity of low frequencies of stimulation (<0.25 Hz), made it difficult to acquire large numbers of PSCs for plotting amplitude distributions that met requirements for stationarity and to which a full quanta1 analysis could be applied. The rundown observed was surprising in light of the fact that miniature currents do not exhibit much time-dependent rundown (Wilcox and Dichter, 199 1) . This discrepancy is most readily explained by the fact that in the experiments performed here, the presynaptic cell is being dialyzed with intracellular solution, whereas in the miniature experiments, only the postsynaptic cell is being dialyzed. Perhaps then, a critical presynaptic intracellular component for the neurotransmitter vesicle release mechanism is decreased over time, resulting in the rundown observed. Indeed, work by Forsythe and Clements (1990) sible to look at short epochs of evoked PSCs, switch conditions for a couple of minutes, and return to control, with sufficient data to demonstrate significant and reversible changes of the evoked PSCs. Therefore, it was concluded that this system was Figure 14 . Effect of (+)-baclofen (2 FM), a GABA, agonist, on the degree of PPD expressed. When baclofen was perfused into the bath (n = 33 trials for this cell), the amplitudes (means i SD) of both the first and second IPSCs were significantly and reversibly decreased (A; *, p < 0.05) and the amount of PPD (means & SD) was again significantly decreased (B; *, p < 0.05). C, As was the case in the presence of low calcium, the degree to which PPD was blocked was steeply dependent on the amplitude of the first IPSC. a viable experimental model in which to examine the fine details of monosynaptic neurotransmission.
Evoked IPSCs
The fast IPSCs observed in these experiments were due to the action potentialdependent release of GABA, which crosses the synaptic cleft to bind and activate GABA, receptors. This Ca2+-dependent process results in the increased permeability of Cll and, under the recording conditions used here, causes an inward current at negative holding potentials. When KC1 was used as the major constituent ofthe intracellular solution, it was possible to resolve mIPSCs in the same cell as the evoked IPSC. The mean amplitudes of the miniature currents recorded under these conditions were similar to those observed under TTX, and ranged from -25 pA to -50 pA, with a mean for six cells of -36 pA (Wilcox and Dichter, 199 1) .
In the hippocampal slice preparation (and the cultured hippocampal slice preparation), strong external stimulation of GABAergic afferents to various cell types results in a two-component IPSC; a fast chloride-mediated component, followed by a slower outward current that is due to a GABA, receptor-mediated increased K+ conductance (Dutar and Nicoll, 1988; Davies et al., 1990; Otis and Mody, 1992; Thompson and Gahwiler, 1992) . However, this late IPSC is only observed when large stimulations are used, and in fact TTX-sensitive spontaneous IPSCs in the hippocampal slice do not activate the GA-BA, receptor component (Otis and Mody, 1992 ). It has not been possible to determine if the postsynaptic GABA, receptors are activated following single evoked action potentials in that preparation, as it is extremely difficult to record from monosynaptically connected pairs in the slice preparation. Furthermore, as the GABA, receptor component is associated with activation ofa pertussis toxin-sensitive G-protein, it is necessary to include GTP in recording pipettes to prevent rapid rundown of this component. Although GTP was not included in the intracellular solution of these experiments, there was never any evidence for a postsynaptic GABA, component in the early minutes of the recording, nor was there any direct postsynaptic effect of perfusion with baclofen, as would be expected if there was a postsynaptic GABA, receptor. Therefore, it was concluded that in these cultures, functional GABA, receptors are not located postsynaptically (Harrison, 1990; Yoon and Rothman, 199 l) , and that the bicuculline-sensitive IPSCs recorded here are due to the selective activation of GABA, receptors.
Although there was no evidence for postsynaptic GABA, receptors in this preparation, the amount of neurotransmitter that was released was quite sensitive to the application of baclofen, a GABA, receptor agonist. This effect of baclofen was completely blocked by the selective GABA, receptor antagonist CGP-35348. This suggests that there is a GABA, receptor located at the presynaptic terminal, and that there is the potential for released GABA to feed back on inhibitory terminals to regulate subsequent release. Such presynaptic GABA, receptors have been reported for many hippocampal preparations, although the mechanism through which activation of the receptor inhibits release is unknown at this time. It has been suggested that this presynaptic receptor is linked to a pertussis toxin-sensitive G-protein, the activation of which increases the membrane permeability to K+ (Yoon and Rothman, 1991; Thompson and Gahwiler, 1992) although some studies have been unable to block the presynaptic action of baclofen following pertussis toxin treatment (Dutar and Nicoll, 1988; Harrison, 1990) . In those studies, it was hypothesized that baclofen was directly reducing calcium influx into the depolarized terminals, as it has been shown to do in cultured sensory neurons and hippocampal neurons as well (Dolphin and Scott, 1987; Dutar and Nicoll, 1988; Harrison, 1990; Scholz and Miller, 199 1) . The mechanism of the actions of baclofen were not investigated in this series of experiments, although future studies should be directed toward understanding the actions of this compound and the subsequent effect of reduced neurotransmission.
Localization of the mechanism underlying PPD The most remarkable finding of this series of experiments was the very robust occurrence of PPD of IPSCs. A decreased amplitude of IPSCs was observed for up to 4 set following a single IPSC. This PPD was similar in degree and duration to what has been observed in the hippocampal brain slice (Deisz and Prince, 1989; Davies et al., 1990; Otis and Mody, 1992; Mott et al., 1993) as well as cultured slices and cultured hippocampal neurons (Yoon and Rothman, 199 1) . Other than a decrease in amplitude, changes in other parameters of the second IPSC, such as latency and rise time, were not observed. The mechanism underlying this robust PPD has been hypothesized to be either postsynaptic or presynaptic in origin. This low-density tissue culture preparation is an ideal system to design rather direct experiments in which to examine the mechanisms underlying PPD.
Both presynaptic and postsynaptic mechanisms have been hypothesized to explain the reduction of GABAergic inhibition observed with long trains of repetitive stimulation and these hypotheses have been extrapolated to explain the more simple form of disinhibition observed with PPD. In these experiments, we attempted to systematically and directly test these hypotheses using a very simple CNS model. The simultaneous recording of isolated pairs of cells in this very low-density culture system of hippocampal neurons provides an elegant experimental paradigm in which to investigate such complex issues of synaptic plasticity.
Analysis of the current-voltage relationships of the IPSCs revealed that there was no change in the reversal potential from the first to second IPSC. A change in the chloride driving force, the ion mediating the IPSC observed in the postsynaptic neuron, could conceivably explain the decrease in the current amplitudes at depolarized potentials (Thompson and Gahwiler, 1989a-c) . However, a 30 mV shift in the current-voltage relation would have been required to fully account for the dramatic decreases observed, and this clearly was not observed. The current-voltage curves for both the first and second IPSC were linear, and there was no effect of voltage on the degree to which PPD occurred. This lack of a voltage-sensitive component of PPD suggests that desensitization of the postsynaptic GABA, receptor may not be involved in the decrease observed. Depolarization has been shown to slow the rate of desensitization (Frosch et al., 1992;  by the finding that any manipulation that lowers the probability of release during the first action potential (e.g., low calcium or baclofen) will prevent the development of the robust PPD uniformly seen in these cells under baseline conditions.
The present experiments may explain the results of PPD studies in hippocampal brain slice by Davies et al. (1990) and Mott et al. (1993) . Those researchers interpreted the ability of saclofen to block PPD as evidence that activation of presynaptic GABA, receptors was the mechanism of PPD. However, in those experiments, high concentrations of saclofen greatly reduced transmitter release following the first stimulus of a pair, and it was necessary to increase greatly the amplitude of the stimulation to obtain initial IPSCs of comparable amplitude to IPSCs in the pre-saclofen condition. Therefore, in those studies, as demonstrated here, saclofen diminished the likelihood of PPD by decreasing the quanta1 content for both IPSCs. In the present experiments, saclofen (100 FM) had no effect on the presynaptic action potential measured at the soma, but did reduce the amplitude of the evoked IPSC, suggesting that saclofen at high concentrations (> 100 PM) acts as a partial GABA, agonist rather than as a specific antagonist. If it were acting as a specific antagonist, it would be expected that the IPSC amplitude in the Oh and Dichter, 1992) and had desensitization been the unpresence of saclofen, would be either unchanged, or perhaps a derlying mechanism of PPD, the degree to which it was observed bit greater, as saclofen would antagonize the effects of any enwould have been greatly attenuated at depolarized potentials.
dogenous extracellular GABA that might be tonically activating Although the above experiment ruled out some possible postpresynaptic GABA, receptors. Therefore, in the experiments of synaptic mechanisms of PPD in this system, other postsynaptic Davies et al. (1990) and Mott et al. (1993) saclofen, at the mechanisms, such as co-release of neuromodulators of the postconcentrations used (up to 1.0 mM), was acting as a partial synaptic membrane, could not necessarily be eliminated by these agonist at the presynaptic GABA, receptor and, just as baclofen experiments. Therefore, to test directly for the location of the has been reported to do, saclofen greatly reduced the probability mechanism of PPD, the effect of IPSCs on the amplitudes of of GABA release, and reduced the degree of PPD observed. mIPSCs was determined. The ability to resolve minis arising At the present time, the precise mechanism through which from the majority of activated postsynaptic receptors is a powneurotransmitter release is reduced for up to 4 set is not unerful technique for assessing changes in synaptic efficacy. Many derstood. However, the results of these frequency-dependent previous studies have shown that any observed change in the experiments are very similar to what has been observed at the amplitude of miniature currents is the result of postsynaptic squid giant synapse, where synaptic depression occurs in the modifications (de1 Castillo and Katz, 1954; Van Der Kloot, presence of high concentrations of calcium, and augmentation 199 1; Malgaroli and Tsien, 1992; Manabe et al., 1992; Otis and occurs when the extracellular concentration of calcium is lowMody, 1992). In the present experiments, there was no change ered (Charlton et al., 1982; Swandulla et al., 1991) . Before the in either the frequency or the amplitude of minis that occurred mechanism underlying depression at central neurons may be soon after an IPSC. If a postsynaptic modification was underrevealed, a more detailed understanding of the entire secretion lying the PPD, then the amplitude of the miniature currents process in central neurons will need to be elucidated. However, should have been greatly depressed, and this was not observed.
depression at inhibitory synapses may be a necessary mechaMoreover, it was possible to resolve changes in miniature amnism to allow long-term enhancement of excitatory synaptic plitude following a change in the chloride driving force as a currents to occur during learning. In addition, disinhibition may result of changing the membrane potential; therefore, the level play a critical role in the development of excess neuronal exof resolution in the recordings was not a limiting factor in decitability that is most significantly, and counterproductively, tecting changes in miniature current amplitudes.
expressed as an epileptic seizure (Dichter and Ayala, 1987 ; DichThe results ofthe miniature current experiments directly demter, 1988) . Future studies can now be directed to defining the onstrate that the robust PPD between hippocampal neurons in biochemical and molecular mechanisms underlying this imlow-density cultures is due to a presynaptic mechanism. We portant presynaptic form of synaptic plasticity in the mampropose that, for this culture system, a decrease in the amount malian CNS. of neurotransmitter released following the second IPSC of a pair underlies the dramatic plasticity observed and that autoinhiReferences bition via GABA, receptors is not involved. This conclusion was supported by the observation that three GABA, receptor 
